Objective: Pulmonary metastasectomy is beneficial in select patients. The sensitivity of 18 F-fluorodeoxyglucose positron emission tomography (FDG-PET) for pulmonary metastasis is unknown. The aims of the study were to determine the accuracy of FDG-PET in detecting pulmonary metastasis and identify factors affecting sensitivity. Methods: All patients undergoing metastasectomy from September 2002 through December 2006 who had both chest computed tomography (CT) and FDG-PET scans or a fused CT/FDG-PET within 6 weeks prior to surgery were reviewed. Univariate and multivariate analysis were performed to determine predictors of positivity. Results: There were 83 patients (41 men, 42 women) who had 104 resections. Median age was 61 years (range, 32-87). In total 154 nodules were resected; 1 nodule in 47 patients and multiple in 36. Histopathology was adenocarcinoma in 94 nodules, sarcoma in 18, squamous cell carcinoma in 15, renal cell carcinoma in 7 and other in 20. At least one nodule was FDG-PET positive in 68 patients (81.9%). True positive FDG-PETwas found in 104 nodules (67.5%) while 50 were false negative (32.5%). Multivariate analysis revealed tumor diameter and grade correlated with increased sensitivity of FDG-PET. Conclusion: FDG-PET is positive in only 67.5% of metastatic pulmonary nodules. Nodule size and grade affect the sensitivity of FDG-PET for metastatic pulmonary nodules. FDG-PET is not a sensitive test in the evaluation of patients considered for pulmonary metastasectomy. Moreover, a negative FDG-PET should not be used to rule out metastatic disease. #
Introduction
Cancer is responsible for one in every eight deaths worldwide and is the second leading cause of death in developed countries and the third leading cause of death in developing countries. The American Cancer Society estimates that more than 12 million new cases of cancer will be diagnosed in 2007, leading to the death of over 7.6 million people (about 20,000 cancer deaths per day) around the globe [1] .
Resection of pulmonary metastasis has become an integral part of oncologic treatment in a select group of patients with controlled primary malignancies outside the thorax. During follow-up, these patients commonly undergo screening studies to detect recurrences or metastases.
18 F-Fluorodeoxyglucose positron emission tomography (FDG-PET) is increasingly being used for screening purposes, often in conjunction with computed tomography scanning (CT).
Several papers have been published on the use of FDG-PET for the diagnosis and staging of indeterminate pulmonary nodules. Overall, in the setting of an indeterminate nodule greater than 1 cm, FDG-PET has a sensitivity of 96.8% and specificity of 77.8% in the detection of malignancy [2] . The vast majority of the published data comes from series of patients with non-small cell lung cancer and includes only a few patients with pulmonary metastases. Little is known about the accuracy of FDG-PET in detecting extrathoracic malignancies that have spread to the lungs. The aim of the current study was to determine the sensitivity and factors that affect the sensitivity of FDG-PET when used in patients with metastatic pulmonary nodules.
Materials and methods
Patients who underwent lung resection for pulmonary metastases from extrathoracic malignancies at the Mayo Clinic, Rochester were eligible for the study. Between September 17, 2002, and December 27, 2006, there were 323 patients who underwent pulmonary metastasectomy. Five (2.2%) patients were excluded from the analysis because of refusal to participate in research. An FDG-PET plus a chest CT scan or a fused/integrated FDG-PET/CT scan was performed within 6 weeks of pulmonary metastasectomy as part of a metastatic evaluation in 83 patients and this group forms the basis of this analysis. The remaining 235 (72.8%) patients were excluded from analysis because they did not have both a CT and FDG-PET before their pulmonary resection or the imaging was performed greater than 6 weeks prior to their pulmonary resection. Seven patients underwent planned sequential metastasectomies and did not undergo a repeat FDG-PET/CT in the interval between operations. One patient underwent preoperative chemotherapy after the imaging studies and also did not undergo repeat FDG-PET/CT prior to his operation. Ten patients included in the analysis had a diagnosis of diabetes mellitus. The study was approved by the Mayo Foundation institutional review board.
Medical records were reviewed for age, gender, race, primary tumor type, chest CT and FDG-PET results, type of pulmonary resection, number, grade, and histopathology of the nodules removed. Chest CT results were transcribed based on the clinical report, as well as review of the images, with nodule measurement when necessary. Maximal nodule diameter measured by CT and pathology correlated well with each other (Fig. 1) . FDG-PET imaging results were abstracted from the radiology reading at our institution even if the study was performed elsewhere. FDG-PET imaging was performed at our institution on a GE Advance PET tomograph or DLS/DRX combined PET/CTscanner (General Electric Medical Systems, Inc., Milwaukee, WI). The F-18 fluoride was produced by an on-site GE Trace Cyclotron (GE Medical Systems). FDG Synthesis was performed by standard methods. FDG was tested for sterility, pyrogenicity, and radiochemical purity on each production run.
PETemission images of the body to include the infracranial head, neck, chest, and abdomen to at least the level of the iliac crest were obtained 60 min after intravenous injection of 740 MBq of FDG. After voiding, the patients were positioned on the tomographic gantry for imaging.
Emission images were reconstructed using iterative reconstruction. Attenuation correction was used on all data. The CT data used for attenuation correction in the PET/CT fusion scans and the uncorrected data were available for review. Emission data were corrected for scatter, random events, and deadtime losses using the manufacturer's software. Image pixel size was 4.25 mm, displayed in a 128-by-128 array. Standard orthogonal views, as well as maximum intensity projections, were reviewed during scan interpretation. FDG activity in lung nodules that was greater than mediastinal blood pool activity was identified as positive for disease.
Statistics
The primary endpoint is the histopathology of the pulmonary nodule. Demographic and predictor variables were summarized in descriptive statistics (frequency, percentage). Univariate or multivariate analyses were first performed on all operations regardless of how many operations each patient had. Pearson chi-square test, Fisher's exact tests or logistic regression model were used as appropriate. A final multivariate analyses by fitting generalized estimating equations (GEE), where each patient with multiple operations and nodules was considered as a cluster, was adopted to verify predictors of FDG-PET positivity [3] . Pearson correlation coefficient was also used to measure the association between CT and pathology measurements. Statistical significance was predetermined as a p value of <0.05. All analyses were performed by the SAS/STAT version 9.1.3 software (SAS institute Inc. Cary, NC).
Results
There were 41 men and 42 women whose median age was 61 years old (range, 32-87 years). A total of 104 pulmonary operations were performed, 53 on the right lung, 47 on the left and 4 bilaterally at the same operative setting; 100 operations were done through a standard posterior lateral thoracotomy and 4 through a median sternotomy. A single operation was performed in 68 patients, two in 8, three in 4, and four in 2 patients. Planned sequential thoracotomies were performed in seven patients and the median interval between the FDG-PET and the second operation was 42 days (range, 18-84 days). The resections performed were a wedge excision in 84, a segmentectomy in 5, a lobectomy in 10, a pneumonectomy in 1, and a combination of resections in 4. There were 154 malignant nodules removed; 88 on the right and 66 on the left. There was 1 nodule resected from 47 patients, 2 from 14, 3 from 12, 4 from 7, and 5 in 3 patients. The histopathology of the nodules was adenocarcinoma in 94 (colorectal in 70, endometrium in 8, parotid in 5, pancreas and uterus in 4 each and breast, esophagus and lung in 1 each), sarcoma in 18 (leiomyosarcoma in 10, fibrosarcoma and synovial sarcoma in 4 each), squamous cell in 15, renal cell in 7, papillary thyroid carcinoma in 5, melanoma and chronic lymphocytic leukemia in 4 each, hepatocellular, and transitional cell carcinomas in 2 each, and Hürthle cell carcinoma, adrenocortical carcinoma and cholangiocarcinoma in 1 each (Table 1) .
At least 1 nodule was FDG-PET positive in 68 patients (81.9%). Of all 154 malignant nodules, FDG-PET was positive in 104 (67.5%) and negative in 50 (32.5%). The overall sensitivity was 67.5%. There was 1 FDG-PET positive nodule in 44 patients, 2 in 14, 3 in 8 and 4 in 2. The most frequent location of a resected metastatic nodule was in the right upper lobe. There was no statistical difference in the FDG-PET sensitivity by location of the metastasis. The maximum diameter of the resected nodules ranged from 1 mm to 94 mm (median 13 mm) by pathologic examination (two of the resected nodules were not sized by pathology). By comparison, on CT, the nodule sizes ranged from 0 mm (13 nodules were not seen on CT) to 80 mm (median 11 mm). There was a significant correlation between the size of the nodule and the sensitivity of the FDG-PET (Fig. 2) . For nodules ranging from 1 mm to 5 mm the sensitivity of FDG-PET was 23.5% (4/17); however, for nodules greater than 25 mm in diameter the sensitivity of FDG-PET was 88.5% (23/ 26) p < 0.001. Sensitivity of FDG-PET also varied by grade (Table 2) ; however, there was no statistically significant difference between the sensitivities among the four grades. Sensitivity of FDG-PET varied with the cell type (Table 1) . Cholangiocarcinoma, adrenocortical carcinoma and Hürthle cell carcinoma all had 100% sensitivity whereas, sarcomas overall had a sensitivity of only 44.4% and no patient with a pulmonary nodule from a fibrosarcoma or synovial sarcoma had a positive FDG-PET.
Univariate analysis revealed that squamous cell carcinoma tumor type, histopathologic grade, and nodule diameter by either CT or pathologic measurement were found to be statistically significant predictors of FDG-PET positivity (Table 3 ). Multivariate logistic model analysis revealed that maximum tumor diameter by CT and histologic grade correlated with increased sensitivity of FDG-PET ( p = 0.0106 and < 0.0001, respectively). GEE model also indicates the same trend ( p = 0.0308 and < 0.0001, respectively) after adjusting for patient differences.
Discussion
We have shown that FDG-PET is only positive in 67.5% of malignant metastatic nodules and that 19% of patients will have a negative FDG-PET despite having at least one metastatic nodule present. The factors identified in this study that affect the sensitivity of FDG-PET for pulmonary metastases are nodule size and cell type. For small nodules (i.e. 10 mm) the sensitivity was only 29.6%; whereas, for nodules larger than 10 mm the sensitivity was 87.8%. A similar discrepancy was seen for cell type: only 44% of sarcomas were FDG-PET positive, yet over 93% of squamous cell carcinomas were found to be positive.
The idea of whole body cancer surveillance is very appealing and has, for some, compelled the use of FDG-PET as a screening tool for recurrence of various malignancies. While much has been published about the sensitivity of FDG-PET for pulmonary nodules in primary lung cancer, little information has been available on the sensitivity of PET for metastatic pulmonary lesions from extrathoracic malignancies. Our findings of a sensitivity of only 68% highlight the need for caution when using FDG-PET to screen for the presence of otherwise occult pulmonary metastases. The use of FGD-PET for this purpose is not supported for use in sarcomas or in patients with pulmonary nodules less than 1 cm.
Since lung is the second most common site for tumor metastasis after the liver and 20-54% of oncologic patients will have a pulmonary metastasis diagnosed at some point in the natural history of their disease, some form of surveillance of the lungs is recommended [4] . Computed tomography, with the addition of maximum intensity images (MIP), is an excellent surveillance modality [5] . This should be the initial means for routine follow-up of the lung for patients that are at risk for developing metastases. If the CT shows pulmonary nodules, FDG-PET may be used to identify extrathoracic disease with the caveat that the interpretation of FDG-PET negative pulmonary nodules should be made cautiously. Pulmonary metastasectomy is a standard therapeutic procedure in carefully selected patients with metastasis to the lung. Survival rates with resection are far better than expected after chemotherapy or radiotherapy alone [6] . Complete pulmonary resection has been shown to improve long-term survival with actuarial survival at 5 years of 30% to 50% for various types of tumors. This is in striking contrast to patients who have an incomplete resection where survivals figures are 0-13% at 5 years. To find and remove all pulmonary metastases is therefore important, thus relying on FDG-PET with its low sensitivity is not an adequate exam to detect all pulmonary nodules, when resection for cure is being considered. Survival after pulmonary metastasectomy is also influenced by factors other than completeness of resection. Shorter disease free interval (DFI), increasing number of metastatic nodules, and positive lymph nodes at the time of resection have all been shown to worsen overall prognosis [6] [7] [8] .
The limited sensitivity of FDG-PET for small nodules that we found has been previously reported by others. Gould published a meta-analysis of 1474 pulmonary nodules evaluated by FDG-PET, and concluded that FDG-PET has an overall high specificity but variable sensitivity for nodules less than 1 cm [2] . More recently, Nomori and colleagues prospectively looked at 136 benign and malignant nodules less than 3 cm in diameter which had been referred for surgical treatment [9] . They found that all malignant nodules less than 1 cm were falsely negative on FDG-PET. If the lesion in question was a ground-glass opacity (GGO), the accuracy of FDG-PET was also poor, with 90% of malignant GGOs being falsely negative and four of five inflammatory GGOs being falsely positive [9] . In another report, Reinhardt and colleagues analyzed 438 metastatic pulmonary lesions with diameters of 3-60 mm utilizing a fused FDG-PET/CT scan [10] . Overall, they showed that only 174 nodules (39.7%) were positive by FDG-PET. No nodules smaller than 5 mm were positive on FDG-PET but if the nodule diameter was greater than 13 mm, sensitivity was 100%. They concluded that FDG-PET sensitivity is significantly reduced for lesions with a diameter less than 11 mm. In another report, De Wever and colleagues found integrated FDG-PET/CT had a sensitivity of 100% compared to 83% for PET alone in nodules <10 mm, the majority of these nodules were 5-10 mm in diameter. In this particular study, the remarkably increased sensitivity came at the cost of a significant lowering of the specificity to only 5% [11] .
The ability to detect a lesion by FDG-PET is dependent upon the presence of a sufficient number of metabolically active cells. This is explained by the physical mechanisms by which FDG-PET scanning is possible.
18
F-Fluorodeoxyglucose has an excess in protons and as a consequence, it is unstable. Its decay occurs by releasing the excess protons, which collide with electrons, emitting two 511 keV photons in 1808 opposing directions. The detection of these photons by the PET camera generates the image. The concomitant detection of background gamma photons limits the spatial resolution of small nodules [12, 13] . In vitro the minimal detection limit of FDG-PET is about 10 6 cells, which corresponds to a tumor diameter of 1 mm. Therefore, other factors (i.e. respiratory movement, thickness of surrounding soft tissue and other structures, etc.) play a major role in limiting FDG-PET sensitivity, especially in the lower lung fields. [14] Intense research is being undertaken to minimize artifacts caused by respiratory motion in the acquisition of FDG-PET images, but no single technique has yet proven satisfactory. Thus FDG-PET remains unreliable for nodules less than 10 mm in maximum diameter.
The degree of FDG activity is directly related to glucose metabolism, which is increased in malignant cells. This has been confirmed in laboratory studies where cancerous pulmonary nodules have been shown to over-express Glut-1 (glucose transporter protein type I) and HK-II (hexokinase II) [15] . The over-expression of these molecules correlated with FDG-PET activity. In the same study, Mamede also demonstrated that progressive tumor differentiation led to decreased FDG-PET activity and that primary lung adenocarcinomas had lower FDG uptake than squamous cell carcinoma or metastatic adenocarcinoma. This data reinforces our own findings, at least in part, as we showed that squamous cell carcinoma and higher tumor grade metastases were associated with increased FDG-PET sensitivity.
We found by multivariate analysis that both cell type and nodule size affected the sensitivity of FDG-PET. In a recently published series from South Korea no such correlation was found. The authors tried to identify the contributing factors that explain why some malignant nodules 1 cm had low or absent 18 F-FDG uptake [16] . One hundred and twenty-one (121) patients were analyzed in three groups: solitary versus multiple nodules, presence or absence of additional benign nodules, and imperceptible versus faint 18 F-FDG uptake. On multiple regression analysis, none of the variables were statistically significant in distinguishing benign versus malignant nodules.
Conclusion
In conclusion, FDG-PET correctly detected at least one metastatic nodule in 80.9% of patients with proven metastatic pulmonary nodules. We found that 32.5% of malignant nodules were not detected by FDG-PET, thus the sensitivity was only 67.5%. High tumor grade and pulmonary metastasis greater than 10 mm measured by CTscan, or by pathology are independent predictors of FDG-PET positivity. However in patients with a history of an extrathoracic malignancy and newly diagnosed small pulmonary nodules, FDG-PET is not sensitive enough to dictate treatment. FDG-PET should be used as an adjunct to detect extrathoracic recurrence and thus help in proper selection of patients for pulmonary metastasectomy. Furthermore, as a screening tool for pulmonary metastases in patients with a prior cancer, FDG-PET does not provide the necessary sensitivity to supplant CT as the most useful tool currently available for these purposes.
